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Abstract. The paper presents author’s view on spin-rooted properties of 
graphene supported by numerous experimental and calculation evidences. 
Correlation of odd pz electrons of the honeycomb lattice meets a strict demand 
“different orbitals for different spins”, which leads to spin polarization of 
electronic states, on the one hand, and generation of an impressive pool of local 
spins distributed over the lattice, on the other. These features characterize 
graphene as a peculiar semimetal with Dirac cone spectrum at particular points 
of Brillouin zone. However, spin-orbit coupling (SOC), though small but 
available, supplemented by dynamic SOC caused by electron correlation, 
transforms graphene-semimetal into graphene-topological insulator (TI). The 
consequent topological non-triviality and local spins are proposed to discuss 
such peculiar properties of graphene as high temperature ferromagnetism and 
outstanding chemical behavior. The connection of these new findings with 
difficulties met at attempting to convert graphene-TI into semiconductor one is 
discussed.  
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1. Introduction  
 
Presented in the current paper concerns three main issues laying the foundation of spin features 
of graphene: (1) a significant correlation of pz odd electrons, exhibited in terms of spin 
peculiarities of the unrestricted Hartree-Fock (UHF) solutions, (2) spin-orbital coupling (SOC) 
and (3) the crucial role of the C=C bond length distribution over the body in exhibiting the spin-
based features. Despite numerous and comprehensive studies of graphene performed during the 
last decade [1], the spin-rooted peculiarities, involved in the graphene physics and chemistry, 
still remain outside the mainstream. However, graphene is doubtlessly of spin nature and the 
main goal of the paper is to clarify how deeply electronic states of graphene molecules and solids 
are spin-burdened. 
 
 
2. Relativistic Electrons of Graphene 
 
Implementing Löwdin’s statement “different orbitals for different spins” and revealing 
correlation effects in electronic spectrum [2], non-relativistic correlation effects in electronic 
properties are well pronounced and form the ground for peculiarities of chemical [3, 4], magnetic 
[5], and mechano-chemical [6] behavior of graphene. In contrast, the relativistic SOC 
contribution related to graphene bodies consisting of light elements is expectedly small (see [7] 
and references therein). Despite this, the quasi-relativity theory has accompanied graphene  
 
Figure 1.  (a) Widely presented view on the band structure of graphene. Fermi level is settled at zero. 
The bands below (above) the Fermi level are related to the valence (conductive) zones. (b) Two 
pairs of valence/conductive Dirac cones at K and K’ points at the Fermi level.  
 
crystal from the first consideration of its electronic structure [8, 9]. The primitive cell of 
graphene crystal is simple and contains two atoms. However, these cells are additionally 
hexagonally configured to fit the honeycomb lattice, on the one hand, and to provide the 
hexagonal and flat first Brillouin zone (BZ), on the other.  The BZ contains two nonequivalent 
sets of three vertices K and K’ each while  point is located at the hexagon centre. In the tight-
binding approach it is typical to separate the Hamiltonian for the π (odd pz) electrons from that 
for the σ electrons, which is strictly valid only for a flat graphene sheet. Thus obtained [10], the 
total band structure of graphene crystal is of particular image, typical view of which is presented 
in Fig. 1a. Since referring relativistic analogy concerns π bands, it is conventional to just 
consider the latter. The relevant low-energy quasiparticle states at the Fermi level, marked by a 
tinny band in the figure, form six pairs of touching cones with the tips at K (K’), two pairs of 
which are shown in Fig. 1b. The total low-energy electronic spectrum of the graphene six pairs is 
described [11] as 
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Here    and    are the Fermi energy and quasiparticle momentum at K (K’) points while    and 
   spectra are related to the conducting and valence bands, respectively. Detailed description of 
parameter       is given in Ref. 11. Equations (1) are well similar to those related to Dirac’s 
massless fermions due to which the low-energy quasiparticles in the vicinity of K (K’) points 
(Dirac points later) can formally be described by the Dirac-like Hamiltonian 
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where k is the quasiparticle momentum,  is the 2D Pauli matrix for pseudospins and the k-
independent velocity    plays the role of the speed of light. The equation is a direct consequence 
of graphene’s crystal symmetry that involves honeycomb hexagonal lattice [9, 11]. Owing to this 
specific electron band structure, graphene was attributed to the Dirac material and until now 
graphene has been considered as a ’solid-state toy’ for relativistic quantum mechanics [12-14]. 
Since the graphene massless Dirac fermions move with the Fermi velocity     10
6
 ms
-1
, it is 
possible to mimic and observe quantum relativistic phenomena, even those unobservable in high 
energy physics, on table-top experiments at much lower energies due to small value of the      
ratio. Thus, a quite satisfactory consistence between theoretical predictions and experimental 
observations has allowed speaking about the observation of Dirac fermions in graphene. Taking 
them as physical reality, one has suggested a specific engineering of different Dirac fermions by 
modulating their Fermi velocity when attaching graphene to different substrates [15]. As seen in 
Fig. 2, an impressive changing of    from 1.15 10
6
 ms
-1
 to 2.46 10
6 
ms
-1
 is observed when 
substituting SiC(000  ) substrate by quartz. 
 
 
Figure 2. Experimental          dispersions for graphene on SiC(000  ), BN, and quartz. Insets 
exhibit changing in the graphene Dirac cones when going from weak (left) to strong (right) 
interaction with substrate [15]. 
 
Since Dirac cones are specific crystal symmetry effect, the issue well suits any flat (even 
quasiflat) hexagonal arrangements of atoms similar to the honeycomb lattice that supply 
hexagonal BZ. Actually, the Dirac-fermion-like behavior of electronic states were observed for 
monolayers of silicon atoms on Ag(111) surface voluntarily attributed to ‘silicene’ species [16] 
(see detailed discussion of the reality and virtuality of silicene in Ref. 17). Similar behavior was 
predicted for higher tetrels of group 14 elements - germanene and stanene [18]. Particular 
attention should be given to a new class of artificial ‘molecular graphenes’ that mimic 
honeycomb lattice structure. One of such ‘molecule’ was synthesized using individually placed 
carbon monoxide molecules on Cu(111) surface [19].  A completed ‘flake’ of the molecular 
graphene is shown in topographic form in Fig. 3a, demonstrating a perfect internal honeycomb 
lattice and discernible edge effects at the termination boundaries. In spite of finite size of the 
structure obtained, due to which it should be attributed rather to ‘molecular graphene’ than to 
‘graphene crystal’, as seen in Fig. 3b, two energy cones are characteristic for the energy band 
structure near the Fermi level. Estimations showed that the crystal-like behavior well conserves 
when the molecule size is of 20 nm or more.  
 
Figure 3. (a) Constant current topograph of molecular graphene-like lattice composed of 1549 CO 
molecules. (b) Linearly dispersing quasi-particles revealed by the conductance spectra, plotted 
individually for sublattice A (filled circles: pseudospin sz=+1/2) and sublattice B (open circles: 
pseudospin sz=-1/2), measured at locations t illustrated in the inset. Adapted from Ref. 19.  
 
 
The other quite peculiar ability to create artificial graphene-like structure utilizes an optical 
honeycomb lattice to trap ultracold potassium atoms [20]. Dirac-cone-like band structure is 
reproduced in this system as well. This optical method of creating the honeycomb lattice 
suggests large possibility to investigate factors influencing the Dirac cones structure. Thus, by 
tuning the anisotropy of the lattice, the locations of the Dirac points may be shifted. When the 
anisotropy reaches a certain limit, the Dirac points merge and annihilate, while the evidence 
supporting the existence of a theoretically predicted topological phase transition was observed. 
A number of theoretical suggestions on the Dirac-graphene-like structure is quite impressive. 
It covers virtual silicene, germanene, stanene (see review [21] and references therein), 
hydrogenated borophene [22] and arsenene [23]. All the Dirac species are described by hexagon 
packing of two-atom primitive cells. However, ‘the primitive cell’ may be considerably 
complicated as it takes place in the case of s-tirazines with primitive cells composed of either 
C6N6 or C12N6, and C24N6H12 molecular compositions [24], graphitic carbon nitride (GCN) with 
C14N10 as a primitive cell [25], beautiful hexagon patterned lace of NiC8S2H4 molecules [26], the 
FeB2 monolayer with graphene-like boron sheet [27], an impressive number of MXenes [28] (a 
new class of inorganic 2D compounds [29]), just appeared new compounds InSe [30] and so 
forth. The conservation of the hexagon packing of primitive cells mentioned above protects the 
presence of Dirac cones in the electronic spectra of all the species.  
 
 
Figure 4. Spin-polarized band structure and primitive cell of GCN C14N10 (a) and (c) and Ni2C24S6H12 
(b) and (d). Adapted from Refs. 25 and 26, respectively. Equilibrium structure (e) and the ACS     
image map of local spin distribution (f) for the C14N10H4 molecule; UHF AM1 calculations. 
 
Virtually all the Dirac spectra discussed above were calculated not paying attention to if the 
studied system is open- or closed-shell one and exploiting closed-shell formalism. Only 
calculations related to GCN C14N10 [25] and metal-organic framework with primitive cell 
Ni2C24S6H12 [26] were obtained taking into account that electrons with  and  spins are 
correlated and separated in space. The open-shell approach immediately revealed spin-
polarization of the electronic spectra just doubling the band number and combining them in  
and  sets.  Figure 4a presents the spin-polarized band structure of GCN while Fig. 4b is related 
to metal-organic framework. The configurations of the relevant primitive cells are shown under 
the spectra. Both primitive cells contain even number of valence electrons,       so that in 
the two cases there are no unpairing free spins since total spin density is zero. In the case of 
GCN, the authors [25] explain the observed spin polarization from a chemical bonding analysis 
and attributed it to reducing the anti-bonding characteristics and density of states at Fermi level. 
However, it is quite reasonable to suggest an alternative explanation and connect the obtained 
spin polarization caused by pz electron correlation with open-shell character of the electronic 
system of both cells [7]. Actually, as shown in Fig. 4e, in view of the UHF formalism the 
molecule C14N10H4, which perfectly mimics the GCN primitive cell, is open-shell one with the 
total number of effectively unpaired electrons    = 5.34 e that are distributed as ‘local spins’ 
over nitrogen and carbon atoms with average     fractions of 0.285  0.001 e and 0.145  0.003 
e, respectively (see Fig. 4f). Therefore, the band spin polarization becomes the manifestation of 
the electron correlation in 2D open-shell solids. As seen in Fig. 4, the spin polarization is well 
pronounced through over both BZs while at K points the Dirac spectra still remain gapless. 
Apparently, the feature is still caused by the hexagon packing of the molecules. Opening the gap 
at Dirac points needs the participation of SOC that has been so far ignored. 
Disclosed connection between the open-shell character of the electronic system and spin 
polarization of the electronic band spectra brings us back to graphene. First the character 
peculiarity was mentioned at addressing graphene magnetism and was illustrated by a 
convincing spin density map related to the rectangle graphene molecule (5, 5) NGr with five 
benzenoid units along the armchair and zigzag edges, respectively [5]. Second it concerned the 
dispersion of the C=C bond length related to the body [31]. Now there is the third time when we 
have to realize the inevitability of spin polarization of the graphene electronic band structure 
while  the relevant results concerning the band structure of graphene are still in future while Fig. 
5 presents the energy splitting related to a selected number of spinorbitals of the (5, 5) NGr 
molecule. A comparison of RHF and UHF results allows exhibiting correlation effects related to 
the studied open-shell molecule. The degeneracy of the RHF solution is caused by both high 
spatial (     and spin symmetry of the molecule. As seen in the figure, when going from RHF to 
UHF formalism the UHF orbitals become clearly split into two families related to α and β spins.  
The splitting value is different for different orbitals ranging from 0.02 eV to 1.12 eV. The orbitals 
splitting exhibits breaking spin symmetry that causes a remarkable distinguishing of orbitals 
related to different spins.  
 
Figure 5. Energies of 25 spinorbital in the vicinity of HOMO-LUMO gap of (5, 5) NGr molecule with 
bare edges; UHF AM1 calculations. 
  
As for the Dirac spectrum shown in Fig.1, as was mentioned, spin polarization does not affect 
the cones touching (see insert in Fig.4a). However, the electron correlation generates a 
dynamical SOC (see Ref. 32 and references therein) so that it might be possible to expect some 
relativistic features, observable at even negligible intrinsic SOC but at a significant electron 
correlation. The first potential effect concerns the splitting of the Dirac spectrum. To examine if 
the splitting can be observed for graphene experimentally, the team of Novoselov and Geim 
performed a particular investigation of how close one can approach the Dirac point [33]. It was 
shown that the approach value    depends on quality and homogeneity of samples, on the 
resolution of experimental equipment, on temperature, and so forth. The best value    related to 
free standing sample constitutes ~1 meV at 4 K, thus establishing that there is no bandgap in 
graphene larger than 0.5 meV and that a combined SOC effect is less this value. Nevertheless, the 
finding does not disprove the existence of SOC as such, which may be important in the case of 
other effects, more sensitive to weak SOC. One of such potential effects concerns the topological 
non-triviality of graphene.    
 
Figure 6 (a) Kane-Mele model of the honeycomb lattice consisted of two sublattices A, B. (b)  The 
hexagonal first Brillouin zone contains two nonequivalent Dirac points K and K`. (c) Phase diagram 
of the half-filled Kane-Mele-Hubbard model from quantum Monte Carlo simulations.  Adapted 
from Ref. 32. 
 
Actually, electron correlation and SOC are crucial characteristics of the topological non-
triviality of 2D bodies. This question has been clear since the very time of the Dirac topological 
insulator (TI) discovery [34]. In the case of graphene, negligible SOC and complete ignorance of 
the electron correlation were major obstacles to a serious discussion of this issue. However, the 
topological non-triviality covers a large spectrum of different topological states and phases 
involving both ideal Dirac TIs (or quantum spin Hall insulators – QSHI) and other topological 
issues such as correlated topological band insulators, interaction-driven phase transitions, 
topological Mott insulators and fractional topological states [32] interrelation between which is 
determined by that one between SOC and correlation effects. Figure 6 presents a phase diagram 
of topological states characteristic for 2D graphene-like honeycomb lattice (known as Kane-
Mele model [9]) in relative coordinates of correlation energy ( ) and SOC (   ), which 
correspond to the Hubbard model. As seen in the figure, in the limit case    =0, the relevant 2D 
structures should be attributed to either semimetal (SM) or antiferromagnetic Mott insulator 
(AFMI) with Heisenberg order (xyz), depending on the correlation energy. The SOC increasing 
transforms SM into QSHI at a rather large scale of the correlation energy variation. When the 
value achieves the critical one shown by the straight line, the QSHI transforms into AFMI with 
easy plane order (xy). In the limit case  =0, the SM should behave as QSHI at all     . 
Concerning graphene, recent estimation of         [35] allows placing graphene far below 
the border with the AFM phases and attributing it to the SM phase if      . However, the 
doubtless presence of the correlation of graphene pz electrons causes breaking of Kramers pairs 
of spinors [36], which violates the time-reversal symmetry, on the one hand, and stimulates the 
origin of dynamic SOC, on the other [32]. The findings shift graphene along the       axis in 
the depth of the QSHI phase thus providing a vivid topological non-triviality of graphene that 
might be revealed by not only the SOC-stimulated energy gap splitting. One of such topological 
effects has a direct bearing to peculiarities of graphene magnetism. 
 
3. Molecular Essence and Topological Character of Graphene Magnetism  
 
3.1. General Features of Experimental Observations 
 
Repeatedly controlled extended graphene sheets are diamagnetic and magnetic response from 
large samples was empirically obtained only after either, say, heavy irradiation by proton beams 
or chemical modification (hydrogenation, oxidation and so forth) of graphite and/or graphene 
(see [37] and references therein). Thorough analysis, performed in each case, allowed excluding 
the impurity origin of these features and attributing them to graphite/graphene itself, albeit 
induced by either micro- and/or nanosructuring of samples or by defects of different topology 
created in due course of chemical modification (see some examples [38-41]). It is important to 
mention that practically in all the cases a ferromagnetic response at room temperature was 
observed for graphene species with zero total spin density. 
Another scenario concerns magnetic graphene of a paramagnetic behavior [40-42] recorded 
after either fluorination or bombarding graphene laminates consisting of 10-50 nm sheets by 
protons. The treatment provided the rupture of double C=C bonds inducing ‘spin-half 
paramagnetism’ in graphene. In both cases, the magnetization is weak and is characterized by 
one spin per approximately 1,000 carbon atoms. The ratio indicates that, actually, the after-
treatment magnetic crystal structure differs from the pristine one and the difference concerns the 
unit cell that becomes ~33/2 times larger than the previous one. Besides, the unit cell contains 
one additional spin thus lifting the spin multiplicity to doublet. Therefore, introduced adatoms 
and point defects cause a magnetic nanostructuring of the pristine crystal but with non zero spin 
density.  
A doubtless confirmation that nanostructuring of graphene sheets plays a governing role in 
magnetization was obtained in the course of specifically configured experiments [43, 44]. In both 
cases the matter is about meshed graphene or graphene in pores that were formed by either fully 
hydrogenated (oxidized) graphene discs in the first case or MgO nanoparticles in the second. A 
view on the sample and obtained results related to the first case can be obtained by looking at 
Fig. 7. A large graphene sheet is put on porous alumina template (see Fig. 7a). The sample was 
subjected to either one-side hydrogenation or oxidation through alumina pores thus leaving 
graphene webs between the pores untouched. The web width W in a set of alumina templates 
differed from 10 to 50 nm. Ferromagnetic response of the webs at room temperature is presented 
in Figs. 7b and 7c at different web widths and inset in Fig. 7c discloses the width dependence 
more clearly. In the second case, chemically modified dark disks in Fig. 7a were substituted with 
MgO nanoparticles a set of which was covered by CVD grown graphene tissue [44]. The web 
width between the particles constituted ~ 10 nm. The magnetic response from the sample is 
similar to that presented in Fig.7b while the signal from much larger pieces ~100 nm of technical 
graphene (reduced graphene oxide) was a few time less. 
Therefore, nanosize occurrence and size-dependence, on the one hand, and high-temperature 
ferromagnetic character, on the other, are two peculiar features of zero-spin-density graphene 
magnetism. Evidently, the former concerns the magnetization magnitude and is associated with 
molecular essence of graphene while the latter is relevant to the magnetism grounds and applies 
to its physics thus revealing the molecular-crystalline dualism of graphene once more. 
 
3.2. Magnetic Behavior of Graphene Molecules 
 
Zero-spin-density graphene implies the absence of free spins since graphene belongs to species 
for which      . Usually such magnetic species were attributed to ‘singlet magnets’ (in 
terms of closed-shell approximation) and their magnetization was associated with the effect of 
the second order of perturbation theory (PT) implying the mixture of the ground singlet state 
with higher laying states of higher spin multiplicity. If the mixture is caused by the application of 
magnetic field, the effect is known as van Fleck magnetization [45]. However, graphene is open-
shell species due to which its singlet ground state has already been spin-mixed due to odd pz 
electron correlation. Since the spin contamination is the PT second order effect as well [7], there 
is no need to apply to van Fleck effect for the magnetism explanation. The magnetization ability 
of graphene has been already ensured by its electronic system.  
 
Figure 7. (a) SEM image of nanoporous alumina template with mean pore diameter  ~80 nm and mean 
interpore spacing W ~20 nm. (b) AFM image of graphene nanopore array formed by using (a) as an 
etching mask for the sample one-side hydrogenation. (c) and (d)  Magnetization of monolayer 
graphene nanopore arrays  at W ~10 nm and 40 nm. Inset presents the dependence of the residual 
magnetization of graphene webs on their width W. Adapted from Ref. 43.   
 
The observation of the PT second order contributions strongly depends on the energy 
denominator among other factors. For covalent species triplet states are the main contributors 
due to which the energy denominator is 2   , where   is the exchange integral that determines the 
energetic dependence of pure spin states in terms of the Heisenberg Hamiltonian     
         The integral is usually referred to as magnetic coupling constant [46]. A correct 
computation of the constant is quite complicated. Happily, about four decades ago Noodelman 
suggested a simple expression for the value determination for open-shell molecules in the 
framework of the broken spin symmetry approximation [46]  
   
              
    
             (3) 
Here,       and          are energies of the UHF singlet and the highest-spin-multiplicity 
states, the latter corresponding to the     - pure-spin state. Thus obtained value is widely used 
and once attributed to molecular magnetism showed [48] that measurable magnetization 
response can be fixed if              where empirically estimated       is 10
-2
 -10
-3
 kcal/mol. 
Basing on the molecular essence of graphene magnetism, let us look which   values can be 
expected for graphene molecules.  
Table 1 lists sets of three criterial quantities:     ,      , and   , which characterize any 
open-shell molecule [4]. The data were evaluated for a number of graphene molecules presented 
by rectangular (na,nz) fragments (na and nz count the benzenoid units along armchair and zigzag 
edges of the fragment, respectively). Consequently, the table as a whole presents the size 
dependence of the UHF peculiarities of the open-shell graphene molecules. As seen in the table, 
the parameters are certainly not zero, obviously greatly depending on the fragment size while 
their relative values are practically non size-dependent. The attention should be called to rather 
large    values, both absolute and relative, that manifest the measure of the pz odd electrons 
correlation. It should be added as well that the relation       
 , which is characteristic for 
spin contaminated solutions in the singlet state, is rigidly kept over all the molecules. The data 
are added by the magnetic constant   determined following Eq. 3.  
 
 
 
As seen in Table 1, quantities     ,   , and     
 gradually increase when the size grows 
due to increasing the number of atoms involved in the pristine structures. The relative parameters 
    and     only slightly depend on the NGr size just exhibiting a steady growth of the 
parameters. In contrast,   values demonstrate quite different behavior. They show a significant 
size-dependence, gradually decreasing by the absolute magnitude when the size grows. This 
dependence can be obviously interpreted as the indication of strengthening the electron 
correlation thus exhibiting the collective character of the event. The finding is expected to lay the 
foundation of peculiar size-effects for properties that are governed by these parameters, first of 
which can be addressed to molecular ferrodiamagnetism. The diamagnetic behavior is provided 
by  electrons while the ferromagnetic contribution is obviously related to odd pz ones. 
As mentioned earlier, the primitive cell of graphene crystal, which determines magnetic 
properties of ideal crystal, involves two atoms joint by one C=C bond of a benzenoid unit.  
Estimation of     value for ethylene and benzene molecule with stretched C=C bonds up to 1.42Å 
in length gives     values of 13 kcal/mol and 16 kcal/mol, respectively. Despite ethylene and 
benzene molecules do not reproduce the unit cell exactly a similar     constant of the cell is 
undoubted. Owing to this the crystal should demonstrate the diamagnetic behavior. To provide a 
remarkable ‘ferrodiamagnetism’ means to drastically decrease the magnetic constant    . While it 
is impossible for regular crystal, graphene molecules are more labile. Shown in Table 1, the least 
    of 0.3 kcal/mol is still large to provide a recordable magnetization of (15, 12) NGr molecular 
magnet, but the tendency is quite optimistic. Supposing the quantity to be inversely proportional 
to the number of odd electrons, it is possible to estimate the electron number which would satisfy 
        of  10
-2
-10
-3
 kcal/mol which gives us        .  
For rectangular NGrs   odd electrons are supplied by N carbon atoms that, according to [50], 
is determined as  
 
N                       (4) 
To fit the needed N value, the indices    and    should be of hundreds, which leads to linear 
sizes of the NGrs from a few units to tens nm. The estimation is rather approximate, but it, 
nevertheless, correlates well with experimental observations of the ferromagnetism of activated 
carbon fibers consisting of nanographite domains of ~2 nm in size [51] as well as with the data 
related to meshed graphene [43, 44] discussed earlier.  The maximum effect was observed at the 
interpore distance of 20 nm [43] after which the signal gradually decreased when the width 
increased. The behavior is similar to that obtained for fullerene oligomers [52], which led to the 
suggestion of a scaly mechanism of nanostructured solid state magnetism of the polymerized 
fullerene C60 that was confirmed experimentally.  
The said above highlights another noteworthy aspect of the graphene magnetism attributing 
the phenomenon to size-dependent ones. The latter means that the graphene magnetization is 
observed for nanosize samples only, moreover, for samples whose linear dimensions fit a 
definite interval, while the phenomenon does not take place at either smaller or bigger samples 
outside the critical region. Actually, an individual benzenoid unit (and benzene molecule) is only 
diamagnetic. When the units are joined to form a graphene-like benzenoid cluster, effectively 
unpaired electrons appear due to weakening the interaction between pz odd electrons followed by 
stretching C=C bonds which causes these electrons correlation. The correlation accelerates when 
the cluster size increases, which is followed with the magnetic constant     decreasing until the 
latter achieves a critical value that provides a noticeable fixation of the spin mixing of the cluster 
ground state. Until the enlargement of the cluster size does not violate a molecular (cluster-like) 
behavior of odd electrons, the sample magnetization will grow. However, as soon as the electron 
behavior becomes spatially quantized, the molecular character of the magnetization will be 
broken and will be substituted by that one determined by the electron properties of the primitive 
cell. Critical size parameters, controlling quantization of molecular properties obviously depends 
on the kind of quasiparticles to be considered. Addressing graphene magnetization, evidently it is 
Dirac fermions that control the quantizing and their mean free path     determines the critical 
size parameter: when the cluster size exceeds     the spatial quantization quenches the cluster 
magnetization.  
 
Figure 8. Dirac’s cones of continuous graphene film with average grain sizes of 50, 100, and 150 nm 
at the K point of graphene Brillouin zone obtained by ARPES mapping.  Fermi energy is settled to 
zero. Adapted from Ref. 53. 
 
Happily, just recently experimental data related to the study of size dependence of both the 
linearity of the fermion low-energy band        within the Dirac cones in the vicinity of the 
Fermi level and the shape of the spectrum were published. Figure 8 presents a set of         
spectra related to a polycrystalline graphene sample consisting of grains different in size [53]. As 
seen in the figure, quantizing is well supported in grains of 150 nm, starts to be distorted in 
grains of 100 nm and is remarkably violated for grains of 50 nm. A considerable broadening of 
the spectrum in the last case allows putting the upper bound for     around    nm. A comparable 
    value of ~20 nm follows from the data related to CO-hexagon structure [19].  
Obviously, the transition from localized to quantized state is not abrupt. Thus at the pore 
width W = 40 nm the residual magnetization only halves the maximum value at 20 nm (see inset 
in Fig. 7c) and continuous approaching zero may cover quite a large pore width. Actually, in the 
case of MgO pores [44], magnetization of rGO flakes with width ~100 nm constitutes ~20% of 
the value at the pore width of 10 nm. Nevertheless, the molecules linear size is evidently the 
governing factor for the magnitude of ferrodiamagnetism of graphene molecules.  
 
3.3. High-Temperature Ferromagnetic Topological Insulating Phase of Graphene  
 
If discussed in the previous section allows understanding when magnetic behavior of graphene 
becomes measurable, it does not answer question why the behavior is ferromagnetic and still 
exists at room and higher temperatures. Actually, it is difficult to expect ferromagnetism from the 
species with zero total spin density in the ground state. Additionally, molecular magnetism is 
usually observed at quite low temperatures [48] and its fixation at room temperature looks highly 
unexpected. At the same time there are physical objects for which high-temperature 
ferromagnetism is a characteristic mark. Thus, we come again to peculiar Dirac materials known 
as TIs [34]. As shown in Section 2, quite considerable electron correlation and small, but 
available, intrinsic-dynamic SOC allow attributing graphene to weak QSHI.  Evidently, the 
topological non-triviality is relevant to both crystalline and molecular graphene. Accepting this 
idea shows one of the ways towards the explanation of high-temperature ferromagnetism of 
graphene.   
In view of electron correlation, graphene presents a honeycomb structure of carbon atoms 
with local spins distributed over them. The spin values are not integer and are determined by the 
relevant     map similar to that presented in Fig. 4f. Evidently, the exchange interaction 
between the local spins is responsible for the magnetic behavior of graphene. To determine the 
type of the behavior, let us use the formalism suggested for describing the magnetic impurities 
on the surface of a topological insulator [54]. In the presence of magnetic impurity or local spins, 
the main Hamiltonian, describing the TI band structure in the form of Eq. 2, is substituted by 
new one 
 
          )                   (5) 
 
where    is the Fermi velocity,   is the surface unit normal,  is the Dirac electron spin and 
 
                                      (6)  
 
Here        is the spin of a magnetic impurity located at  ,        
           is the spin of 
the surface electrons and    and       are the coupling parameters. When the impurity spin is 
polarized in z direction the second term in Eq. 6 disappears. As every magnetic impurity will 
open a local gap in its vicinity, one may expect the system to be gapped everywhere, at least in 
the mean-field level. However, this is not necessarily true if the magnetization of magnetic 
impurities is non-uniform. Meeting the problem and comparing the formation of magnetic 
domain wall and ferromagnetic arrangement, the authors [54] came to the conclusion that 
magnetic impurities must be ferromagnetically coupled. 
Sharing this viewpoint, a similar Hamiltonian     was suggested to describe the Dirac-
fermion-mediated ferromagnetism in a topological insulator [55]. The Hamiltonian      reads 
 
                        (7) 
 
Here    is the z component of the electron spin and    is the areal density of localized spins with 
average z component    .   describes the  exchange coupling between the z components of the 
Dirac electron spin  and the local spin S, locking  perpendicular to the momentum 
k. Following the same conclusion that every local spin opens the gap and the system must be 
gapped everywhere one has to accept the necessity of a ferromagnetic configuration for local 
spins. Apparently, it is the consequence that explains ferromagnetic behavior of pure graphene 
samples.  
 
Figure 9.  Structure and scheme of the molecular magnet Er(trensal). Coloring: orange: Er; blue: N; 
red: O; grey: C; H atoms are omitted for clarity. From left to right:  magnetization curves at normal 
(black) and grazing (red) orientation of magnetic field with respect to the substrate surface. Adapted 
from Ref. 56. 
 
Highly convincing evidence, strongly supporting suggestion that graphene is a typical TI, was 
received in the most recent [56]. Figure 9 presents the accumulation of the main results of the 
performed study. A molecular complex, presented by Er(trensal) single-ion magnets, was 
adsorbed on graphene/Ru(0001), on graphene/Ir(111) and on bare Ru(0001) substrates. On 
graphene, the molecules self-assemble into dense and well-ordered islands with their magnetic 
easy axes perpendicular to the surface. In contrast, on bare Ru(0001) the molecules are 
disordered exhibiting only weak directional preference of the easy magnetization axis. 
Accordingly, the ferromagnetic response is spin polarized in the two former cases while 
unpolarized in the case of Ru(0001) substrate and additionally twice less by magnitude. 
Therefore, topologically trivial bare ruthenium surface has no effect on the molecular impurity 
ordering while the addition of a monolayer graphene covering leads to ferromagnetic ordering of 
the impurity characteristic for topologically non-trivial substrates, which were discussed above. 
Not only ordering but enhancement of ferromagnetic response evidences the TI nature of the 
graphene component of the hybrid substrates. Actually, the substitution of ruthenium by iridium 
has no additional effect so that all the observed peculiarities are caused by graphene layer. As for 
the response enhancement,        in the right-hand part of Eq. 7 acts as an effective magnetic 
field to magnetize the magnetic impurities. At the same time,        acts as the effective 
magnetic field to polarize the electron spin of TI. Obviously, such a double action of the 
exchange coupling leads to the enhancement of the magnetic response. When magnetic 
impurities form a continuous adlayer, additional enhancement should be expected due to the 
magnetic proximity effect (see one of the last publications [57] and references therein). 
Therefore, empirically confirmed graphene behaves as typical TI, which leads to a severe 
reconsideration of its physical properties discussed mainly without taking into account this 
important fact. 
 
4. Local Spins in Graphene Molecule Landscape 
 
Local spins of graphene, which are actively involved in the manifestation of its topological non-
triviality discussed above, are associated with effectively unpaired pz electrons and are one of the 
most important characteristics of the UHF formalism applied to the graphene molecule open-
shell ground state [3]. As seen in Table 1, bare graphene molecules are characterized by rather 
big total numbers of such electrons    that constitute more than one third of the total number of 
the odd pz electrons. It means that the molecules are strongly radicalized thus exhibiting a large 
chemical activity. While the total number of effectively unpaired electrons is the quantitative 
measure of the activity of the whole molecule, or molecular chemical susceptibility (MCS) 
introduced in [58], their partitioning over molecule atoms describes the atomic chemical 
susceptibility (ACS) in terms of     due to which maps of their distribution over atoms present 
chemical portrait of the associated molecules [59]. Such maps of graphene molecules have a very 
particular, but therewith standard image which allows both disclosing the local spin distribution 
over atoms and considering chemical activity of the molecules at the quantitative level. 
  
 
Figure 10. (a) Equilibrium structure and ACS    image map of the (11, 11) NGr molecule with bare 
edges. Scale bar matches     values in e. (b)    plotting from output file (curve with dots) and 
maxmin     distribution (histogram). For the first 46 atoms: the histogram reveals first 22 zigzag 
edge atoms while next 24 bars (from 23 to 46) are related to armchair edge atoms. UHF AM1 
calculations. 
 
Figure 10 presents the     distribution (the ACS     image map below) over atoms of the 
(11, 11) NGr bare molecule. As seen in the figure, according to this parameter, the graphene 
molecule is definitely divided into two drastically different parts, namely, the circumference 
involving 46 edge atoms and internal honeycomb zone, or basal plane. Due to six-fold difference 
of the maximum     values in the two areas, the basal plane is practically invisible in Fig. 10a, 
while keeping a considerable     of ~0.2 e in average. The value rising over the average one 
occurs only for 40 atoms adjacent the molecule perimeter of edge atoms, for which     varies 
from 0.34 e to 0.22 e. This atom fraction is clearly seen in the histogram in Fig. 10b at atom 
numbers from 47 to 86.   
Presented in the figure is the chemical portrait of the bare (11, 11) NGr molecule. As seen 
from the histogram in Fig.10b, the chemical activity of the graphene molecule atoms greatly 
varied within both the circumference and basal plane, more significantly within the first one. In 
the histogram 46 edge atoms are divided into 22 and 24 atoms related to zigzag and armchair 
edges, respectively. For zigzag atoms      values fill the region 1.39-1.10 e, while the latter for 
armchair atoms is much wider and constitutes 1.22-0.71 e.  
Qualitatively, the picture is typical to graphene sheets of any size. Modern fascinating 
experimental techniques allow confirming the above statement. Thus, as shown in [3, 7], the 
advanced atom-resolved AFM is able to fix local spins in pentacene molecule when using CO-
terminated gold tip. Since this experiment provides monitoring of the molecule chemical 
activity, a close similarity of the AFM image and the relevant ACS     map occurred quite 
expected.  Happily, such a justification is available now for (n, 3) graphene nanoribbon as well 
[60]. As in the case of pentacene, the scanning transmission electron microscope (STEM) image 
of the nanoribbons (Fig.11a) is in good consent with the calculated     map of the (15, 3) NGr 
molecule (Fig. 11b) thus, in particular, evidently justifying a peculiar two-zone character of the 
graphene pool of effectively unpaired electrons.  
 
Figure 11. (a) Constant-height high-resolution AFM image of the zigzag end of a graphene 
nanoribbon obtained with a CO-terminated tip. White scale bar: 1 nm. Adapted from Ref. 60. 
 (b) ACS    image map of the zigzag-end (15, 3) NGr molecule with bare edges. UHF AM1 
calculations. 
 
 
The variety of electron density of carbon atoms along edges of a graphene flake as well as 
perpendicular to them has been clearly demonstrated just recently by site-specific single-atom 
electron energy loss spectroscopy (EELS) by using annular dark field (ADF) mode of a low-
voltage STEM [61].  Figure 12 discloses a highly informative picture related to the states of 
carbon atoms in the vicinity of zigzag and armchair edges. As seen in the figure, the site-
dependent peculiarities are observed in the low-energy parts of the EELS spectra, which present 
K-edges of the carbon EELS signals, while the spectra above 290 eV are broad and less 
informative. All the low-energy spectra involve a characteristic EELS peak Pb at 285 eV related 
to the excitation transformation of a core s-electron to an unoccupied σ* orbital. Additional 
peaks at 281 eV (Pz) and 282.8 eV (Pa) for the zigzag and armchair edge atoms, respectively, are 
caused by the s electron excitation to an unoccupied pz* orbital and the change to the profile of 
the EELS is related to variations in the local density of states. The peaks are well pronounced for  
edge atoms (spectrum 1), significantly decrease in intensity for adjacent atoms (spectrum 2) and 
practically fully vanish for carbon atoms on the flake basal plane (spectra 3 and 4). Additionally, 
EELS spectra across the edge markedly vary for both zigzag and armchair atoms. As seen in Fig. 
13a, the spectra of two neighboring zigzag atoms (8 and 10) differ so seriously that the peak Pz is 
substituted by the peak Pa. The latter structure is conserved for the adjacent atom 9, albeit with 
changing in the intensity distribution between Pa and Pb peaks. EELS spectra in Fig.13b exhibit 
the difference in the behavior of the neighboring armchair atoms expressed in changing the Pa/Pb 
intensities ratio. 
The discussed spectral features are well consistent with the conclusion obtained from the 
above analysis of the     distribution in Fig. 10b. Thus, first, the chemical bonding of zigzag 
and armchair edge atoms is different, bigger in the latter case, which is consistent with lower  
chemical activity of the armchair edge atoms compared with the zigzag ones. Second, atoms of 
the adjacent-to-edge rows demonstrate a transient state between the edge and bulk one that well 
correlates with the activity of 40 adjacent atoms (from 47 to 86) in the histogram in Fig. 10b. 
Third, inside the region, perimeter of which is formed by adjacent atoms, the carbon atoms can 
be attributed to the basal-plane ones. Forth, electron density as well as ACS     of the edge, 
adjacent, and bulk atoms significantly varies thus demonstrating that the atom groups are not 
rigidly standardized and might be very sensitive to external actions due to which graphene 
molecules are very changeable. 
 
Figure 12.  STEM: EELS mapping of graphene edges. (a) ADF-STEM image and (b) EELS of zigzag 
edge from the regions numbered in (a). (c) ADF-STEM image and (d) EELS of armchair edge from 
the regions numbered in (d). White scale bar: 2 Å. Numbers and their colors on ADF-STEM images 
and EELS spectra coincide. Adapted from Ref. 61. 
 
The two-zone electron density image of bare graphene molecule is not new. The feature lays 
the foundation of a large number of theoretical-computational considerations concerning a 
particular role of edge atoms in graphene started in 1996 [62] and has been lasting until now (see 
a collection of papers [63-66] and references therein). The studied graphene objects were mainly 
pencil-made with a regular honeycomb structure described by standard C=C bonds of 1.42 Å in 
length and identical zigzag and armchair edge atoms. The obtained results concern the two-zone 
electronic structure and the attribution of the edge atoms peculiarity to expected particular 
magnetic behavior of graphene flakes and, particularly, nanoribbons. However, the latter 
expectations occurred quite illusive and as shown experimentally, magnetic behavior of 
graphene samples is not directly connected with peculiar features of their edge atoms. It is 
worthwhile to remain a skeptical comment of Roald Hoffmann concerning his “Small but strong 
lessons from chemistry to nanoscience” [67]: “There is a special problem that theory has with 
unterminated structures—ribbons cut off on the sides, polymers lacking ends. If passivation is 
not chosen as a strategy, then the radical lobes of the unterminated carbon atoms, or 
undercoordinated transition metals, will generate states that are roughly in the middle 
energetically, above filled levels, below empty levels in a typical molecule that has a substantial 
gap between filled and unfilled levels. If such levels—states, the physicists call them—are not 
identified as “intruder” states, not really real, but arising from the artifact of termination, they 
may be mistaken for real states in the band gap, important electronically. And if electrons are 
placed in them, there is no end to the trouble one can get into. These band gap states are, of 
course, the origin of the reactivity of the terminated but not passivated point, line, or plane. But 
they have little to do with the fundamental electronic structure of the material”.  
 
 
 
Figure 13. EELS spectra at the edges of graphene flake. (a) Neighboring zigzag atoms (atoms 8 and 9) 
and ajacent atom between them (atom 9). (b) Neighboring armchair atoms (atoms 3 and 4). Pz, Pa 
and Pb match peaks at 281eV, 282.8 eV, and 285eV, respectively. Adapted from Ref.61. 
 
 
5. Introduction to Graphene Computational Spin Chemistry 
 
The modern chemistry is strongly occupied by revealing reliable qualitative, better quantitative, 
descriptors aiming at pointing the consequence of chemical reaction. UHF formalism of open-
shell molecules suggests unique quantitative descriptors MCS    and ACS    . For molecules 
with even number of electrons     is identical to the atom free valence [68]. Consequently, free 
valence of atom A,    
    
, is defined as  
 
   
       
                (8)  
 
Here   
    is the number of valence electrons of atom A and          presents a sum over the 
generalized bond index 
 
          
 +      
             (9) 
 
where the first term is the Wiberg bond index while the second term is determined by taking into 
account the spin density matrix. The    
    
 distribution (curve with dots) alongside with the 
ACS     (histogram) for the (5, 5) NGr molecule is shown in Fig. 14. As seen in the figure, first 
steps of any chemical reaction occur at the molecule periphery. Since this reactivity area is 
largely spread in space, the formation of the first monoderivative does not inhibit the molecule 
reactivity so that the reaction will continue until the reaction ability is satisfied. This means that 
any chemical modification of graphene starts as polyderivatization of the pristine molecule at its 
circumference.  
Excellent agreement of     and   
    
 values shows that the former is actually a quantitative 
ACS measure and can serve a quantitative descriptor of the molecule target atoms, to which 
atom-atom contacts are the most desirable in addition reactions. Thus, the values distribution 
over molecule atoms forms a unique ACS     map, which opens a transparent methodology of a 
successive algorithmic computational synthesis of any graphene polyderivatives, just selecting 
the graphene core atom at each step by the largest     value. A successive use of this 
methodology was shown on examples of hydrogenation [69] and oxidation [70] of the (5, 5) NGr 
molecule.  
 
Figure 14. ACS    (histogram) and free valence   
    
 (curve with dots) distributions over atoms of 
the (5, 5) NGr molecule. Inset: equilibrium structure of the (5, 5) NGr molecule. UHF AM1 
calculations. 
 
As turned out, already the first addition of any reactant, or modifier, to the edge atom of 
graphene molecule, chosen by the highest ACS, causes a considerable changing in the pristine 
ACS     image map thus allowing the exhibition of the second edge atom with the highest ACS 
to proceed with the chemical modification and so forth. This behavior is common to graphene 
molecules of any size and shape. In what follows, the behavior feature will be demonstrated on 
the example of the (5, 5) NGr molecule that was chosen to simplify the further presentation. 
Figure 15 presents a set of (5, 5) NGr polyhydrides and polyoxides obtained in the course of the 
first stage of the relevant per step reactions that concerns framing of the bare molecule. Two 
important conclusions follow from the figure. First, in spite of seemingly local change of the 
molecule structure caused by the addition, the second target carbon atoms does not correspond to 
the atom that is the second one of the highest activity in the     list of the pristine molecule. 
Second, this atom position as well as the sequence of steps varies depending on the chemical 
nature of the addends. Both two features are the result of the redistribution of C=C bond lengths 
over the molecule thus revealing collective action of its unpaired electrons and/or local spins.  
 
6. Comments on Converting Graphene from Semimetal to Semiconductor 
 
Despite numerous extraordinary properties and huge potential for various applications, one of the 
greatest challenges in using graphene as an electronic material is the lack of a sizable bandgap. 
Graphene is intrinsically a zero-gap semiconductor, or not a QSHI but a semimetal in the view of 
most. The gap absence significantly limits the use of graphene in many applications where 
semiconducting materials with a suitable bandgap are required. Researchers have been searching 
for effective ways to produce semiconducting graphene and have developed various methods to 
generate a bandgap in graphene. Despite extensive investigation in the laboratory, the production 
of semiconducting graphene is still facing many challenges. A detailed description of problems 
on the way as well as suggestions for their resolving is given in review [71]. Let us look at the 
problems from the viewpoint of obvious ‘underwater stones’ provided by the common properties 
of the graphene chemistry.  
When categorizing methods to produce semiconducting graphene, three groups were 
classified: (1) morphological patterning of graphene sheets into nanoribbons, nanomeshes, or 
quantum dots to induce quantum confinement and edge effects; (2) chemical modification, 
doping, or surface functionalization of graphene to intentionally interrupt the connectivity of the 
π electron network; and (3) other methods, e.g., use of two graphene layers arranged in Bernal 
stacking (or AB stacking) to break the lattice symmetry, and applying  mechanical deformation 
or strain to graphene. 
 
Figure 15. Equilibrium structures of the (5,5) NGr polyhydrides and polyoxides related to 1
st
, 2
nd
, 3
rd
, 
4
th
, and 5
th
 steps obtained in the course of the relevant stepwise reactions. Gray, blue, and red balls 
mark carbon, oxygen, and hydrogen atoms, respectively. UHF AM1 calculations. 
 
Following the scheme proposed in [71] and shown in Fig. 16, techniques of the first group 
meet problems concerning the basic edge property of the graphene molecule that is obviously a 
dangling-bond effect. Actually, cutting graphene sheets into nanoribbons increases the number of 
dangling bonds and, consequently, the number of unpaired electrons    thus enhancing the 
ribbon radical properties. In its turn, the extra radicalization greatly promotes various chemical 
reactions in the ribbon circumference leading to significant and even sometimes drastic 
reconstruction of the pristine graphene structure. Inserting nanomeshes results in the same effect 
due to highly active periphery of the formed holes. Deposition of nanosize quantum dots highly 
disturbs the graphene substrate changing C=C bond length distribution and thus causing the    
growth if even not contributing by their own unpaired electrons. Therefore, cutting and drilling 
create a big ‘edges problem’ and do not seem to be proper technologies for the wished 
transformation of the graphene electronic system.  
Chemical modification of graphene is not only a subject of interesting chemistry but has been 
repeatedly suggested as an efficient tool for the semimetal-semiconductor transferring needed for 
high-performance electronics [71]. It should be noted that the suggestions are based on results of 
computational studies that concern pencil-drawn pictures of graphene fragments including those 
or other chemical modifiers artificially spread over graphene sheets (see, for example, Refs. 72 
and 73). These and many other virtual structures, regularly distributed in space by applying 
periodic boundary conditions, exhibit electronic properties that are so badly needed for the 
application. However, the empirical reality is much less promising since so far none of regularly 
chemically modified graphene structure has been obtained. And collective behavior of graphene 
unpaired electrons, protesting against any response localization, is the main reason for the 
failure.  
 
Figure 16. A schematic view of morphological patterning of a graphene sheet. Adapted from Ref. 71. 
 
The wished regular structures of chemically modified graphene are related to the graphene 
polyderivatives that are formed with the participation of carbon atoms on the basal plane. 
However, as was shown earlier, reactions at the circumference precede those at the basal plane. 
Moreover, the latter cannot begin until the former are completed. In the predominant majority of 
the studied cases, the completion of the circumference reactions means the completion of 
framing of the studied molecules. A thorough study of the circumference reactions has disclosed 
a very exciting feature: the framing of graphene molecules promotes the molecule cracking. 
Figure 17 presents a set of ACS     maps related to mono-hydrogen terminated (H1-terminated 
below) NGr molecules of different size. The ACS maps of all the pristine molecules are of 
identical pattern characteristic for the (11, 11) NGr molecule shown in Fig. 10 just scaled 
according to the molecule size. As seen in the figure, the ACS maps of H1-terminated 
polyderivatives show a peculiar two-part division related to (15, 12) (3.275 x 2.957 nm
2
) and  
(11, 11) (2.698 x 2.404 nm
2
) NGr molecules in contrast to the maps of (9, 9) (1.994 x 2.214 
nm
2
), (7, 7) (1.574 x 1.721 nm
2
), and (5, 5) (1.121 x 1.219 nm
2
) NGr molecules. Apparently, the 
finding demonstrates the ability of graphene molecules to be divided when their linear size 
exceeds 1-2 nm. The cracking of pristine graphene sheets in the course of chemical reaction, 
particularly, during oxidation, was repeatedly observed. A peculiar size effect was studied for 
graphene oxidation [74] and fluorination [75]. During 900 sec of continuous oxidation, 
micrometer graphene sheets were transformed into ~1 nm pieces of graphene oxide. Obviously, 
the tempo of cracking should depend on particular reaction conditions, including principal and 
service reactants, solvents, temperature, and so forth (see [76, 77]). Probably, in some cases, 
cracking can be avoided. Apparently, this may depend on particular conditions of the inhibition 
of the edge atoms reactivity. However, its ability caused by the inner essence of the electron 
correlation is an imminent threat to the stability and integrity of the final product.  
In some cases, the cracking is not observed when graphene samples present membranes fixed 
over their perimeter on solid substrates. Therewith, the reactivity of circumference atoms is 
inhibited and the basal plane is the main battlefield for the chemical modification. Still, as in the 
case of circumference reactions considered earlier, the highest ACS retains its role as a pointer of 
the target carbon atoms for the subsequent reaction steps. However, the situation is much more 
complicated from the structural aspect viewpoint. Addition of any modifier to the carbon atom 
on the basal plane is accompanied by the sp
2
  sp3 transformation of the valence electrons 
hybridization so that for regularly packed chemical derivatives, the benzenoid skeleton of 
pristine graphene should be substituted by the cyclohexanoid one related to the formed  
 
Figure 17. ACS    image maps over atoms of the (5, 5), (7, 7), (9, 9), (11, 11), and (15, 12) NGr 
molecules with H1-terminated edges. All the images are given in the same space and     scales shown on 
the bottom.  UHF AM1 calculations. 
 
polyderivatives. When benzene molecules and, subsequently, benzenoid units are monomorphic, 
cyclohexanes, and thus cyclohexanoid units, are highly heteromorphic. Not very big difference 
in the conformers free energy allows for coexisting cyclohexanoids of different structure thus 
making the formation of a regular structure a rare event. Actually, the regular crystalline-like 
structure of a graphene polyhydride, known as graphane, was obtained experimentally under 
particular conditions only when hydrogenating fixed graphene membranes accessible to 
hydrogen atoms from both sides [78]. In the same experiment, fixed membranes accessible to 
hydrogen atoms from one side showed irregular amorphous-like structure. The empirical 
findings were supported by computations based on the consideration of stepwise hydrogenation 
of fixed and free standing membranes accessible to hydrogen atom from either two or one side 
[69].  
As shown above, it is possible to proceed with chemical modification of graphene within the 
basal plane only after a complete inhibition of high chemical activity of atoms at the 
circumference. Despite the    values within the area are much less than at a bare circumference, 
as seen in Fig. 10b, they still constitute ~0.3-0.1 e that is quite enough to maintain active 
chemical modification. However, the reality drastically differs from the wished chemical 
pattering of graphene sheets whose virtual image present the final product of the pattering as 
regular carpets similar to flowerbeds of the French parks. The reality is more severe and closer to 
designs characteristic of the English parks. The matter is that the collective of unpaired electrons, 
which strictly controls the chemical process at each step, has no means by which to predict the 
modifier deposition sites many steps forward. And it is clear why. Each event of the modifier 
deposition causes an unavoidable structure deformation due to local sp
2  sp3 transformation in 
the place of its contact with graphene. The relaxation of the deformation, as was seen in Fig. 15, 
extends over a large area, which, in turn, is accompanied by the redistribution of C=C bond 
lengths. Trying to construct a pattering, it is impossible, while not making calculations, to guess 
at what exactly carbon atom will concentrate the maximum reactivity, highlighting the latter as a 
target atom to the next deposition. Therefore, even two simultaneous depositions cannot be 
predicted, not to mention such complex as quantum dots or nanoribbons. That is why a wished 
regular chemical pattering of graphene basal plane exists only in virtuality. The real situation 
was studied in detail in the case of graphene hydrogenation [79], exhibiting the gradual filling of 
the basal plane with hydrogen at random. Final products of the addition reactions on basal planes 
of graphene strongly depend on the addends in use. None of the regular motives was observed in 
all the cases in the course of stepwise reactions.  
As for use of graphene bi- and multilayers and applying mechanical deformation or strain to 
graphene, each of the technique has its own limitation since again any structural changing affects 
the pool of effectively unpaired electrons (local spins) whose reaction is complex and nonlocal 
as well as practically no predictable.  
 
7. Conclusion  
 
Graphene is deeply spin-rooted species, starting with quasi-relativistic description of the 
electronic state of graphene hexagonal honeycomb structure and finishing with topological non-
triviality of graphene crystals and molecules. The latter is convincingly supported with the 
magnetic behavior of graphene molecules and is the consequence of local spin emergence over 
carbon atoms subordinated to zero spin density of the species. Local spins form the ground for a 
computational spin chemistry of graphene and free from the illusions associated with tuned 
morphological and chemical modification of graphene towards its converting from gapless QSHI 
to semiconductor.   
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